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The subject paper uses 114 to im/pst-inate the f a two-dimensional model 14 to investigate the following cases: 1) connection with diodes only, 2) connection with diodes and equal resistors, 3) connection with diodes and variable resistances to obtain a given current distribution, and 4) connection with diodes and variable resisto.-s under changing loads. The analysis is general and is applicable also for intermediate multiple-load connections, which has not been investigated previously.
I. Introduction
The diagonal loading scheme for a magnetohydrodyn auric (MHD) channel was first proposed by De Montardy 1 and Dicks. 2 Dicks proposed his diagonal conducting wall (DCW) channel, which consisted of window frame-like electrode modules insulated from each other. Subsequently, the channel performance was extensively studied.3. 4 Since then, the DCW channel has received a great deal of attention. Experiments on the DCW channel have shown high performance and durability. This type of channel construction has been adopted for the U.S./U-25 5 and U-25 , Bypass channels.
The DCW channel is also noted for its simple design of the power take-off region. An example of the loading schemes typical of that for the U-25 Bypass channel is depicted in Fig. 1 . The electric leadout from each frame is connected to a diode, or a diode and a resistor before it is connected to the bus bar. The current from all the leads is then transmitted to a dc-ac inverter, where the external 'oad is applied.
An important problem related to the design of the power take-off region is the end effect, which was investigated in Refs. 7-12. These articles examine the internal electric fields and eddy current losses caused by the change of load current and the magnetic field. It is generally concluded that the power take-off electrodes should be placed near the ends of the channel, where the magnetic field is attenuating, in order to reduce the eddy current loss. Wherever the power take-off section spans across several electrodes, another area of interest should be considered: the current distribution among the current leadouts and their optimum locations. Dzung? and Ishikawa'? discussed the ballast resistors required for obtaining equal current in each frame. Levi 13 solved the current distributions in the electric leadout connections with diodes or diodes and equal resistors. The study is, however, based on a one-dimensional model, constant average plasma properties, and constant velocity field assumptions, and does not handle the intermediate multiple-loading power take-off regions.
Tl-is r-hebl tc b« reduced to 7/*c of its present siie ni: Governing Equations j The two dimensional MHD channel model described in Ref. 14 is used in this study. The model solves the two-dimensional compressible turbulent flow equations by an implicit finite differencing scheme.
The electric field, t, and the current density J in the channel are obtained by solving Ohm's law and the Maxwell equations:
To simplify the analysis, the infinite segmentation assumption 1 ' 1 , has been used; the following equations a>e obtained. 
Hence, the load current inside the channel in the power take-off region assumes the local short circuit current subject to Eq. (8 In the inlet power take-off region [(a) and (b) of Fig. 3 ], the first leadout electrode always picks up the channel local short circuit current. It can be seen in Fig. 3 that the current in the first leadout electrode is quite high for the U-25 channel. This is because of the relatively high value of the magnetic field; however, most of this current will be picked up by the nozzle. The next leadout electrode carries the difference between the local short circuit current and the previous I s value, so that the sum of the leadout currents up to that point is equal to the channel local short circuit current, until X 2 or X s is reached. Tf X 2 .> X s (Fig. 3b) , the diodes located at X > Xs will be blocking, and the Hall potential of the channel will start to increase. In this case, the leadout currents follow a smooth curve, except for the first one. If X 2 < X s (Fig. 3a) , the last power take-off electrode picks up an extra current equal to (I 2 -I s ) as compared to the electroda in the same location in Fig. 3b . Consequently, the Hall potential starts reversing and the channel absorbs power. Finally, the Hall field stops reversing at X ? ; however, the Hall potential is still negative, and it returns to zero later, . at X > X s .
• At the exit power take-off region, if the location of the diodes starts at X < Xs (Fig. 4b) , only the diodes at X £ Xs will be conducting. Each electrode carrTes a current equal to the difference between the local channel short circuit current, I s , at this electrode and the previous one until X 2 is reached. The last electrode then picks up the short circuit current at X = X 2 . If the location of diodes starts at X > X s (Fig. 4a) , the Hall field reversal starts at X = X s and stops at X = X 1# .i n this case, the leadout electrode located at X -X] picks up an j [ additional current equal to (Ij -I s ). This ; j situation again reduces the electric power produced by the channel.
Two typical cuses of intermediate power take-off regions are shown in Figs. 5 and 6, where the local channel short circuit current is increasing or decreasing, respectively. In Fig. 5a , the load current, Ii, is greater than the local short circitt current at X < X s i; I therefore, potential field reversal occurs in I that region. At X = Xi, the load current j begins to assume the short circuit current until X = X2, where the load current jumps to the [ value, I = Ig. The last leadout electrode j picks up a large current and the potential field reverses. If Ij is reduced and X? is shifted downstream past X = X s^, there will be no potential field reversal, as shown in Fig. 5b . It is also possible to have the power take-off region moved downstream, so that Xi is greater than X S 2-In that case, the load current jumps to I = \<i at X = Xi, but with no field reversal. This case is not plotted; however, it can exist. . If the power take-off region is moved upstream so that X2 < XjT,, the diodes located at X < X2 will be blocking. The load current will jump from I] to I2 at the last electrode at X = X2, however, with no field reversal.
IV. Connection with Diodes and Equal Resistors
If the resistors used in the power take-off regions are the same, Eq. 6 becomes, .
(10)
A qualitative description of the load current distribution can be obtained by dividing the I-X domain into two regions as shown in Fig. 7 .. In the upper region, I > I s ; therefore, E x > 0 and d 2 I/dX z > 0. Hence, the load current curve should be concave. In the lower region, however, I < I s ; therefore E x < 0 and d2i/dX z < 0, and the load current curve should be convex. Table II . If the power take-off region is located between frames 5 and 23, the results are shown in Fig. 8a for Ig = 155 A. It is noted that the short circuit current near the channel inlet is very small, because the magnetic field is small at the channel inlet. As a result, the load current in frames 5 through 12 is greater than the short circuit current. Therefore, the electrical potential decreases and the leadout currents increases. In frames 13 through 23, the load current is less than the short circuit current. Therefore, the Hal) potential starts increasing and the leadout currents starts decreasing at frame 13. At frame 17, the load current curve is tangent to I -I2 line. The diodes at frames 17 to 23 are blocking. If the power take-off region is moved to frames 5 through 16 (Fig. 8b ) the load current is greater than the short circuit current in all locations for I2 = 209 A, and this is accompanied by axial field reversal.
If the channel inlet power take-off region is moved downstream, the expected current and potential distribution are as shown in Fig. 9 . The qualitative description represent-d in this figure is also applicable to intermediate power take-off connections if the load current is increasing. In this case, higher U X B results in a higher induced emf and higher short circuit current. If the power take-off region is located between frames 8 through 19, Fig. 9a indicates that the load current is smaller than the short circuit current in frames 8 to 10 and is greater than the short circuit current in frames 11 to 19. Therefore, field reversal occurs in frames 11 to 19, accompanied by an increasing leadout current distribution. If the power take-off region is moved farther downstream to frames 12 through 23 (Fig. 9b) , the load current is less than the short circuit current at all locations; hence, the leadout current is decreasing from frame 12 to frame 23, and there is no axial field reversal. Most of the situations discussed in the foregoing section were observed experimentally during the several tests, that were conducted on the U-25 Bypass channel6,15,16, The analytical results for the inlet power take-off region were found to be in good agreement with the experimental data' 6 as shown in Fig. 13 . The exit power take-off region was not investigated analytically because of the difficulty encountered in modeling the oblique shocks that are present near the channel exit. However, the qualitative results of this model are expected to hold, also, at the channel exit power take-off region.
V. Connection with Diodes and Variable Resistors
With diodes and variable resistors, the power take-off region can be designed to have any given load current distribution. The general features of the design and off-design conditions can be examined by studying the special case of a linear load current distribution. The general case of nonlinear current distribution can then be looked at as piecewise linear distribution.
a. Equal Current for Each Frame (Design Point)
If the channel loading is designed to have equal leadout current for each frame, Eq. Numerical solutions for the typical redistribution of the load current among the power take-off frames at off-design operating conditions are shown in Fig. 15, a through d, corresponding to the cases shown in Figs. 14a-14d. In  Fig. 14a , the resistances increase *rom frame 5 to frame 17 and decrease from frame 18 to frame 23, As a result, when the loading increases, the current distribution increases slowly from frame 5 to frame 17, but increases faster from frame 18 to 23. The effect is enhanced by the low resistance in the last frame. Therefore, the current change is mostly concentrated in the last frame, no. 23, as shown in Fig. 15a , where a value of 60 A is picked by this frame, whereas about 10A is picked by each other frame.
In Fig. 14b , the resistances increase from frame 5 to frame 16. Both the positive slope of the resistance curve and the high resistance near frame 16 tend to flatten the load current curves. Therefore, the current distributions in the power take-off regions stay reasonably uniform as the total load current varies.
In Fig. 14c , the resistance drops to zero at frame 11. Hence, any amount of current can flow through the 11th leadout without disturbing the voltage balance of frames 8 to 10. The change of current in the 10th frame only affects the downstream leadouts. Therefore, when the loading increases, the currents in frames 8 to 10 remain essentially unchanged. Because the resistance is increasing from frame 12 to 19, the variation of the current distribution is relatively uniform, as shown in Fig. 15c . j
In Fig. 14d , the resistance decreases from 2.1 ohm at frame 12 to zero at frame 23. If the loading is increased in this case, the current is concentrated in frame 23, as shown in Fig. 15d , because of the negative slope of the resistance • curve and because there is no ballast resistance • at frame 23. In order to reduce the high j current in the last frame and to minimize field reversal, it is-necessary to move the I power take-off region farther downstream, so that the off-design load current will be less 4. If only diodes are used in the power takeoff region, it is important to extend the take-off connection beyond the point where the local short circuit current is equal to the highest load current expected. Failure to do so will result in large current in the end leadouts, accompanied by field reversal and loss of power. : 5. If diodes and equal resistors are used in the power take-off region, the general behavior is as follows: : a) An increasing leadout current distribution in the inlet power take-off region and an '. decreasing lead-out current distribution in the exit power take-off region will be accompanied • by Hall field reversal, and vice versa.
• ! b) If the front power take-off region with fixed number of leadouts is shifted downstream in the channel, the current in the first (upstream) few leadouts increases .whereas the current in the last (downstream) few leadouts decreases. This shift, in genera', reduces the chance of field reversal; however, excessive shift of the take-off region downstream can result in loss of power. A general criterion is to stop where the downstream leadout current becomes close to zero. The rear power take-off region can be viewed as the mirror image of the front power take-off region.
6. Diodes and unequal resistors can be used to design for any given load current distribution. One criterion for this design is to have a reasonably even current distribution at both design and off-design operating conditions. It is noted that, in yene^al, an increasing resistance distribution tends to even out the leadout current distribution, whereas a decreasing resistance distribution leads to large current in the last frame at off-design conditions. For a decreasing resistance distribution, it is advisable to have both design and off-design load currents less than the short circuit current. Table I U [ Fig. 4 Behavior of the power take-off region with diotles only (at the channel exit) ?7', of ,1. ,.-,"", .,,. 1 I" 
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